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ABSTRACT The polymerization properties of the fully liganded fluoromet derivative of hemoglobin S (FmetHb S) were
investigated by electron microscopy and absorption spectroscopy. Polymerization progress curves, as measured by increas-
ing sample turbidity at 700 nm, exhibit a delay time (t4) consistent with the double nucleation mechanism. The pattern of fiber
growth, as monitored by electron microscopy, is also indicative of a heterogeneous nucleation process, and dimensions of
the fibers were found to be comparable to that of deoxyHb S. The polymerization rate constant (1/t,) depends exponentially
on Hb S concentration, and the size of the homogeneous and heterogeneous nuclei also depend on FmetHb S concentration.
As for deoxyHb S, higher concentrations of protein and phosphate favor fiber formation, while lower temperatures inhibit
polymerization. Solubility experiments reveal, however, that eight times more FmetHb S is required for polymerization. The
current studies further show that reaction order is independent of phosphate concentration if Hb S activity and not
concentration is considered. The allosteric effector, inositol hexaphosphate (IHP), promotes fiber formation, and temperature-
dependent reaggregation of FmetHb S suggests that IHP stabilizes pregelation aggregates. These studies show that FmetHb
S resembles deoxyHb S in many of its polymerization properties; however, IHP-bound FmetHb S potentially provides a unique
avenue for future studies of the early stages of Hb S polymerization and the effect of tertiary and quaternary protein structure
on the polymerization process.

INTRODUCTION

The single point mutation@6 Glu—Val) in human hemo- process, in which a certain number of Hb tetramers must
globin leads to the association of sickle cell hemoglobin (Hbassociate before assembly becomes a spontaneous process.
S) tetramers into long fibers. The polymerization is drivenDuring the period of exponential growth, heterogeneous
by a hydrophobic interaction between tj3é Val and an  nucleation dominates, in which fibers grow on the surface of
acceptor pocket formed by thg85 Phe ang388 Leu resi-  preexisting fibers (Ferrone et al., 1985b). In terms of the
dues on a different tetramer. This association primarilypathology of sickle cell disease, the length of the delay time
occurs in the unliganded or deoxy form, in which theis critical. A delay time that is longer than the circulation
quaternary rearrangement of the subunits upon deoxygetime allows cells to become reoxygenated at the lungs
ation leads to the exposure of til85 Phe and388 Leu  pefore sickling can occur (Mozzarelli et al., 1987).
residues and their subsequent interaction with g6eVal The influence of ligation state on tetramer association
(Padlan and Love, 1985; Harrington et al., 1997). into fibers has been investigated through the use of other
The mechanism of sickle cell hemoglobin polymerization hemoglobin mutants (Bookchin and Nagel, 1971) and mod-
has been studied extensively by a number of methodsfieq heme derivatives (Adachi et al., 1991). Polymerization
including absorption spectroscopy, electron microscopyef deoxy-cyanomet hybrids suggests that the quaternary
light scattering, and birefringence (Eaton and Hofrichter,giate of hemoglobin was the dominant factor influencing the
1990, anq references the.rem). Polymerlze}non klinet|cs arropensity toward polymerization (Bookchin and Nagel,
characterized by a delay time, & period during which aggre1 971 | ater studies of Ni(ll)-Fe(ll) hybrids suggested that
gation cannot be measured. This delay time dependgyiiary structure also influences the polymerization, as
strongly on the concentration of protein present and the, .. hybrids did not polymerize as readily as deoxyHb S

f[em_perature of the sqlution. n the.initial.stage.s of pOIym_er'(AdaChi et al., 1991). Under physiological conditions fiber
ization, the exponential growth of fibers in conjunction with formation can occur in solutions that are 85% oxygenated

thg delay t'me. has beer_l well desqubed by.a_ (.jOUbIe. r‘UCIe('AdaChi and Asakura, 1982); thus, understanding the ability
ation mechanism. In this mechanism the initial period of

: Co ; .~ of liganded Hb to form fibers is relevant for elucidating the

fiber formation is dominated by a homogeneous nucleation . : LT .
mechanism of fiber formation in vivo. Liganded Hb S

derivatives can also be incorporated into Hb S fibers (Ada-

chi and Asakura, 1982), indicating that ligation state can
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This liganded Hb S can be induced to form fibers by thePreparation of fluorometHb
addition of the allosteric effector inositol hexaphosphate .
IHP) and thus allows the examination of polymerization aSHb S or Hb A was converted to the fluoromet form, following the
( . . . poly . d:]rocedure of Jayaraman et al. (1993). The concentration of fluoromethe-
a function of allosteric state independent of the ligandednogiobin was determined spectrophotometrically by using the heme ex-
state. X-ray crystallography has shown that the deoxy quasnction coefficients,egos = 10.3 MM % cm ™t and e,g0 = 10.9 mM*
ternary structure of this hemoglobin derivative is very sim-cm* (Di lorio, 1981).
ilar to that of Hb A (Fermi and Perutz, 1977). UV resonance
Raman measurements have further revealed that the tertia.liy
. . . . u
structure of the fluoromet derivative is slightly perturbed
relative to deoxy Hb A, although the quaternary structureKinetic experiments with fluoromethemoglobin S were carried out in
was unchanged as measured by th@, intersubunit H-  1-mm-path-length optical glass cuvettes. The reference for the experiments

. - was FmetHb A. IHP was added to the samples, in a stock solution of 0.55
bonds (Jayaraman et al., 1993; Sokolov and Mukerj, 1998M in the appropriate phosphate buffer (0.15-1.0 M phosphate, pH 6.5) and

Juszczak eft al., 1998)' The tertiary structure pertl{fbat'o'a.zs M NaF. IHP was added to the Hb solutions on ice, vortexed, and then
was associated with a displacement of the E-helix as @uickly transferred to glass cuvettes on ice. Turbidity measurements were
consequence of the liganded nature of the heme. performed on a Beckman DU 650 spectrophotometer. A Beckman High-
Despite these differences in tertiary structure, upon conPerformance Temperature Controller was used to maintain the temperature
version to the T-quaternary state we observe polymerizatio f the sample holder at 10°C. The sample com_partment was continuously
LT . ushed with dry N gas to prevent condensation on the cuvettes. The
of FmetHb. S. Characterization of th_e FmetHb S fibers b3_’optical density at 700 nm (A700) was monitored as a function of time. All
electron microscopy shows that the fibers are comparable ifurbidity measurements were performed at 25°C unless otherwise noted.
dimension to those formed by deoxyHb S. As for deoxyHbThe time required for thermal equilibration-80 s) was measured directly
S, the diameter and the length of the fibers increase witlin the cuvette with a copper-constantan thermocouple. Because of the time
time (WeIIems and Josephs 1979 Briehl et al 1990) required for thermal equilibration, delay times shorter than 2 min are not
. . ! ’ . ! reported. Data analysis was performed with the program Origin (Microcal).
AnaIyS|s of the kinetic progress curves obtained from tur'The turbidity progress curves were fit using the following equation:
bidity measurements demonstrates that polymerization is
dependent on hemoglobin concentration, sample tempera- ATOD— A700Q, — A700Q,.,
ture, phosphate concentration, and ionic strength. The initial T 1 4 gtk
stages of polymerization are well described by the double
nucleation model, and the analysis indicates that the sizes (‘(5;1’7”;/*700 is thte f’]}btior?ance °rtt“rbi_d“y Of(g‘de S;‘_mp'z f’i ‘”akad‘ =1979)
. is the moment of the temperature jum achi and Asakura, .
homogeneous and heterogeneous nuclei are dependent piy, i e initial turbidity, Ap7oonax s the maximum turbidity, ang, is
protein concentration. Further evidence for heterogeneouge delay time. The initial 10% of the turbidity progress curves were also
nucleation is clearly observed in the electron micrographs ofit to the equatiomA700¢) = A700, + [A, (A70Q,,., — A700,)][cosh@Bt) —
the FmetHb S fibers. 1], in which A;, B, andA700, were adjustable parameters.is defined as
These analyses suggest that, consistent with earlier olﬁ\—’(cs};_c(m)k?"(‘)’gg)r‘?c(:;) Is Ct_"”clzn”at.ito” t";gg'ymerizedf heTog'oﬂ.” at
. . . . equilibrium. is the optical density a nm as a function of time,
servations (BOOkChm and Nagel’ 1_97_1' Adachi e_t al., 1991)};;000 is the initial optical depnsity at 700 nm, and00,,,, is the maximum
the quaternary state of the protein is the dominant factogptm density observed (Ferrone et al., 1985a).
influencing polymerization. Because polymerization is de-
pendent upon IHP addition, the T quaternary state is re-
quired for FmetHb S polymerization. The current charac-Solubility experiments
ter'zatlon_ of FmetHb S fibers indicates that, despite theIHP was added to solutions of FmetHb S to a final concentration of 140
perturbation of tertiary structure and the presence of foumm. The solutions were maintained at room temperature overnight. To
ligands, the polymerization can be described by the samseparate the fibers from the solution, samples were centrifuged for 20 min

heterogeneous nucleation mechanism as deoxyHb S. at 10,000 rpm in an Eppendorf 5415C benchtop microcentrifuge. A 2-
aliquot of the supernatant was diluted into 1 ml of a fluoride-containing

phosphate buffer, and the concentration of tetramers in the supernatant was
determined spectrophotometrically. This measurement was done a total of

MATERIALS AND METHODS four times on each sample, and the results were averaged.

Hemoglobin S preparation

rbidity experiments

+ A700nma

_ , _ Preparation of electron microscopy grids
Hb S was isolated from the blood of SS and AS patients, following the

procedure of Antonini and Brunori (1971). 2,3-Diphosphoglycerate wasNegatively stained samples for electron microscopy were prepared by
removed from the hemoglobin on a Sephadex G-25 column equilibrate@pplying 2ul of 0.75 mM FmetHb S solution to a carbon support film over
with 10 mM Tris-HCI, 0.1 M NaCl (pH 8) (Riggs, 1981). Hb S was a 300-mesh gold grid. The solution was drawn to a thin layer and fixed with
purified on a Whatman DE-52 column by gradient elution from 50 mM ~5 ul of 2% (w/v) glutaraldehyde. After a 5-min incubation, the fixative
Tris-acetate, pH 8.3, to 50 mM Tris-acetate, pH 7.3 (Huisman and Dozywas drawn to a thin layer, and the sample was negatively stained~v&ith
1965). The purified Hb S was characterized by nondenaturing polyacrylul of 2% (w/v) phosphotungstate (pH 7.0). After 1 min, the stain was
amide gel electrophoresis, exposed to carbon monoxide, and frozen at ®titawn to a thin layer. Grids were viewed within 24 h of preparation, using
K for storage (Riggs, 1981). a Zeiss 10A tunneling electron microscope. The buffer solution consisted
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of 0.25 M potassium phosphate (pH 6.5), 0.25 M NaF, and 140 mM IHP,
except for the 0.5-h grid, which was prepared with 120 mM IHP.

RESULTS
Size and shape of FmetHb S fibers

FmetHb S tetramers were converted to the T-quaternary
state by the addition of the allosteric effector IHP. The

change in quaternary state conformation was verified by
UV-Vis absorption spectroscopy. The T-R difference spec-
trum (data not shown) exhibits maxima at 403, 490, and 606
nm, consistent with the conversion of tetramers to the T
quaternary state (Perutz et al., 1974).

The presence of fibers was established by electron mi-
croscopy. In these studies fiber formation was followed as a
function of time, and the dimensions of the fibers were
determined (Fig. 1). The onset of polymerization corre-
sponded to the addition of IHP to the solution. After 30 min,
the association of tetramers into fibers is clearly observed
(Fig. 1A). In addition, fibers have already started to align to
form larger fibers with diameters as large as 250 nm. The
majority of the fibers observed have diameters ranging from
30 to 100 nm. The occurrence of heterogeneous nucleation,
that is, the formation of a new fiber on a preexisting fiber,
can already be detected. Fibers, observed in gels or in
sickled red blood cells, typically have a diameter of 21 nm
and are variable in length (Wellems and Josephs, 1979).

The progression of fiber formation was also monitored by
electron microscopy. One hour after IHP addition, fibers
associated into larger domains, as shown in Fi@®. The
smallest fiber had a diameter of 252 nm, and the largest
fiber domains were~400 nm in diameter. Twenty-four
hours after the onset of polymerization the fibers had in-
creased noticeably in diameter and length (FigZ)1 The
smallest fiber domains observed were 77 nm in diameter,
and the largest domains wergqu#n in diameter. The largest
fiber domains observed in gel and sickled cells were several
millimeters in diameter and were formed by slow heating
over a time scale of hours. Because of their relative opacity,
larger domains are difficult to observe. Smaller domains,
which can be prepared by either chemical reduction or laser
photolysis, had a size of Adm or less in diameter (Eaton and
Hofrichter, 1990). Differences in size may result from the
manner in which the fibers were prepared, although the
fibers observed in the current study were well within the
size ranges previously reported for fibers of deoxyHb S. In
addition, the increase in dimension with time is consistent
with the expected pattern of fiber growth (Briehl et al.,
1990). At all time points a branched pattern of gel formation

is observed, demonstrating that heterogeneous nucleation#8GURE 1 FmetHb S fiber formation monitored by electron micros-

Yohe et al.

occurring. We cannot rule out the possibility that because ofopy. @) Thirty minutes after initiation of polymerizationBf One hour

the bound ligand and allosteric effector, the association o
the fibers into larger domains is not the same as that fo
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i:lftel’ initiation of polymerization.q) Twenty-four hours after initiation of

olymerization. All size scales are shown in microns. Fiber formation was
nitiated with IHP, and fibers were prepared from a buffer containing 0.25
deoxyHb S. The observed domains are not as regular as potassium phosphate (pH 6.5) and 0.25 M NaF.
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those observed with deoxyHb S, and the characteristic hetions, a higher concentration of protein is needed for poly-
ringbone pattern associated with the formation of fibers ismer formation; however, at these concentrations polymers
not readily detected (Wellems and Josephs, 1979). A morform to the same extent as estimated from the maximum
detailed analysis is required to determine if FmetHb S igurbidity. For example, at 0.15 M phosphate a FmetHb S
forming the characteristic 14-stranded structure observedoncentration of 2.1 mM (13.44 g/100 ml) is required to
for deoxyHb S. observe a maximum turbidity of 1.0, whereas at 0.75 M
phosphate, a concentration of only 1.1 mM (7.04 g/100 ml)
is need to achieve a maximum turbidity of 1.0. Although the
protein concentration requirements for FmetHb S polymer-
ization are phosphate dependent, polymer concentration as
Polymerization of FmetHb S was studied by monitoring theestimated from signal amplitude appears to be independent
optical density of polymerizing solutions at 700 nm. At this of phosphate concentration.

wavelength the heme prosthetic groups have no significant This relative increase in polymer concentration with in-
absorption, and the increasing absorption observed as eieasing protein concentration is consistent with the mea-
function of polymerization results from the increasing tur- sured supersaturation ratio ¢S c,/cg ¢, = initial concen-
bidity of the sample. In Fig. 2 progress curves of polymer-tration; ¢, = solution concentration at equilibrium), as
ization as monitored by sample turbidity are shown for fiveshown in Table 1 for a phosphate concentration of 0.75 M.
different FmetHb S concentrations. At all concentrationsFor a FmetHbS concentration of 0.7 mM,is 4.6 and
shown, FmetHb S polymerizes with a clear demonstratiorincreases to 8.2 when the protein concentration is increased
of a delay time ;) or period during which the absorbance to 1.1 mM. This increase ifs is reflective of a 1.7-fold

of the sample remains zero, followed by a period duringincrease in polymer concentration with the increasing total
which the absorbance increases rapidly, signifying rapiddrotein concentration. In the turbidity experiments, the sig-
polymerization. In addition, the maximum turbidity ob- nal amplitude A70Q,,,) increases from 0.2 to 1.0 as the
served increases with increasing Hb S concentration. Thitotal protein concentration is increased from 0.7 to 1.1 mM;
behavior is similar to that of deoxyHb S and is indicative therefore the increase in signal amplitude appears to be
that the amount of polymers observed strongly depends ofelated to the overall increase in polymer concentration.
protein concentration (Hofrichter et al., 1974; Adachi and We have also examined the effect of other salts on
Asakura, 1979). The increase in signal amplitude, coupledfmetHb S polymerization and find that at the same ionic
with the shortening of the delay time, is suggestive of anstrength, polymerization is not observed to the same degree
increase in polymer concentration with increasing proteinn the presence of either sulfate or nitrate (data not shown).
concentration. Furthermore, IHP is requisite for FmetHb S polymerization,

Polymerization, in terms of sample turbidity, was alsoindicating that the T-state must be present to observe fibers.
monitored as a function of phosphate concentration (Fig. 3)Under the same conditions, FmetHb A does not form any
Five different phosphate concentrations ranging from 0.1%ind of detectable aggregate (data not shown). Based upon
to 1.0 M were examined. At lower phosphate concentra-

Dependence of maximum turbidity on
HbS concentration
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FIGURE 2 The effect of hemoglobin concentration on FmetHb S poly-

merization. Sample turbidity was monitored by measuring the absorbancEIGURE 3 The relationship between maximum turbidity and initial
at 700 nm. Samples were in a 0.44 M sodium fluoride, 0.14 M IHP, 0.75FmetHb S concentration. Turbidity was monitored at five different phos-
M potassium phosphate (pH 6.5) buffer. Polymerization was initiated byphate concentrations: 0.15), 0.25 @), 0.5 ©), 0.75 (J),and 1.0 ) M
increasing the sample temperature from 10°C to 25°C. phosphate. Sample conditions are the same as in Fig. 2.
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TABLE 1 Homogeneous and heterogeneous nuclei size for

FmetHb S ' ' ' '
0.01 0.75, 05
[FmetHb S}  [FmetHb S* 0.25
(mM) (mM) A B S it 8 05 015,
-0.5- o
0.7 0.191 0.00179 0.29 459 9.67 10.33 =
0.8 0.193 0.01332 094 543 871 9.30 lg 101 ]
0.9 0.199 0.00064 2.81 6.22 8.06 8.61 =
1.0 0.195 0.001558 3.18 7.41 7.35 7.85 §
11 0.203 0.00174 434 818 7.01 7.48 2 -1.51 ]
*[FmetHb S], is the concentration of the soluble phase of FmetHb S after
equilibrium has been reached. -2.01 ]
'S = (yy*[FmetHb S})/(y[FmetHb S1). . ‘
fi* = —(4RT + 8,upd/(RTIN S); 8, describes the fraction of intermolec- 012 014 oie oig 10 12
ular bonds in the n_ucleu_s relative to the |nf_|n_|te polymel_’ and is derived log ([HbS] (g/dL))
from structural considerations of the polymggcis the contribution to the
chemical potential of a monomer in an infinite polymer from intermolec-
ular bonds (Ferrone et al., 1985b). FIGURE 4 The relationship between delay time and FmetHb S concen-
Sj* = —[8,upc + 3RT/(RTINS) = i* + 1/(In ) (Ferrone et al., 1985b). tration. Delay times were monitored at five different phosphate concentra-

tions: 0.15 (), 0.25 @), 0.5 ©), 0.75 (J), and 1.0 ¢) M phosphate. The
log of reciprocal delay time versus log Hb S concentration yields a linear
relationship with the slopenf as indicated. Delay times are taken from data
these observations, we conclude that the process we ap8own in Fig. 3.
detecting is specific to Hb S, requires formation of the
T-state, and is facilitated by phosphate.

centrations (0.15-1.0 M), and at all phosphate concentra-

- tions a linear relationship was obtained. The concentration
Solubility of FmetHb S of IHP, the organic phosphate used to induce T-state for-
Because of the pronounced effect phosphate concentratignation, was kept constant at 0.14 M. From these plots the
can have on Hb S solubility, we have examined the solurelationship between Hb S concentration and the delay time
bility of FmetHb S (Table 1) and compared it with that of appears to be dependent on phosphate concentration—the
deoxyHb S, using the same concentrations of phosphateelay time is more steeply dependent on Hb S concentration
NaF, and IHP. DeoxyHb S solubility is 0.15 g/dl under theseat lower phosphate concentrations. A slopenoralue of
conditions, and FmetHb S solubility is 1.22 g/dl; thus 13.5 is obtained at a phosphate concentration of 0.25 M,
FmetHb S is approximately eight times more soluble thanwhile a slope of 6.3 is obtained at 1.0 M phosphate. The
deoxyHb S. A previous study of half-liganded Ni (I)-Fe(ll) slope orn value has been related to the size of the homo-
hybrid Hb measured solubility differences of 12 and sixgeneous nucleus, where the delay time is interpreted to be
times relative to the deoxygenated hybrid (Adachi et al.the time required for nucleus formation (Hofrichter et al.,
1991). These results indicate that despite formation of tha974). Using a simple homogeneous nucleation model, the
T-state, the presence of ligands increases the solubility afiucleus size can be related to the reaction order, as the
Hb S. In the case of FmetHb S, the increased solubility maywcleus size will correspond approximately to the number
result from the tetraliganded nature of the hemoglobin asf rate-limiting addition reactions needed to form the criti-
well as incomplete formation of the T allosteric state bycal nucleus (Hofrichter et al., 1974; Behe and Englander,
some of the tetramers (Jayaraman et al., 1993). 1978).

In previous studies, the delay time was found to depend
on the 30th power of the deoxyHb S concentration in
solutions of low ionic strength (Hofrichter et al., 1974,
1976), whereas, a Bpower dependence was observed at
The rate of gelation also depends exponentially on Hb 9.0 M phosphate (Eaton and Hofrichter, 1990). For de-
concentration (Fig. 2)—higher concentrations of HbS leadoxyHb S then value depends linearly on phosphate con-
to a shortening of the delay time. The observation of arcentration, where smaller values were observed at higher
exponential dependence further confirms that the increase iphosphate concentrations (Adachi and Asakura, 1979). In
sample turbidity results from polymerization and not “salt- our studies, then value also has a linear dependence
ing out” of the protein at higher concentration. A linear on phosphate concentration and can be described as
dependence can be extracted by plotting the logarithm of the-16p + 32. For this analysis, the total phosphate concen-
reciprocal delay time (log 1) versus the logarithm of the tration was considered, including the considerable contribu-
protein concentration (log [Hb S]) (Fig. 4). This dependencetion from the allosteric effector, IHP, present in the sample.
has been examined at five different phosphate buffer conthis phosphate dependence is analogous to that obtained by

Dependence of the delay time (ty) on HbS and
phosphate concentration

Biophysical Journal 78(6) 3218-3226
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Adachi and Asakura (1979) for deoxyHb 8 € —16p + Temperature dependence of
31.5), wherep is the total phosphate concentration. TheFmetHb S polymerization
linear relationship suggests that in the absence of phosph

or at low ionic strength tha value is 32, which is similar to aﬁe temperature dependence of polymerization was also

the 30th power dependence observed by Hofrichter angxammed, using a constant conceptratlon of Hb S, phos-
co-workers (1974) phate buffer, and IHP. The aggregation of the polymers was
. o . . found to be strongly temperature dependent (Fig. 6), as the

The relatively high concentrations of Hb S used in these " . o o :

- maximum turbidity increased with increasing temperature.

. . n]sm ffect i nsistent with an incr ncentration of
should be considered (Ross and Minton, 1977). To assess S eliect Is consiste an increased concentration o

the dependence df, on phosphate concentration without polymers at higher temperature. The delay time decreases

. ) : . with increasing temperature, indicating that the rate con-
incorporating the excluded volume effect of increasing pro- S .

. . stant for polymerization is reduced at higher temperatures.
tein concentration, we have plotted log()Aersus log Hb

. . . o~ This shortening of the delay time with increased tempera-
S activity (Fig. 5). For this plot Hb S activity was calculated 9 ay . P
. L . . ) ture was also observed with deoxyHb S (Hofrichter et al.,
using the activity coefficients as determined by Minton

) . . . ) 1974; Adachi and Asakura, 1979) and was associated with
(1983). If the nonideality of the solution is taken into ! 5 ) W I W

an increased facility for aggregation at higher temperature.
account, then the apparent dependenct, ah phosphate The rate of gelation can be analyzed in terms of its temper-

concentration is removed. For data taken at five differenta,[ure dependence to extract an activation energy for the
phosphate concentrations the average slope or reaction Krocess

der is 5.8+ 1.5. Previous estimations of the reaction order Fig. 7 depicts the temperature-dependent analysis of
by this methodology yielded a va]ue ,Of 9 for.deoxy Hb S FmetHb S polymerization and shows that (logldepends
(Behe and Englander, 1978), whichis30% higher than linearly on 1T. Analysis of the slope from 15°C to 35°C
the value obtained in this study. This difference in reactior&,ields an activation energy of 18 2 kcal/mol. Previous
.ord-er may result from the fe'a“"e,'y large differences 'N determinations of the activation energy for deoxyHb S gave
ionic strength used for the t\_/\{o s_tud|es. We also obgerve th%lues ranging from 20 kcal/mol at high temperature to 50
IHP may play a role in facilitating nucleus formation and y.a;/mol at temperatures near 20°C. We observe that the
thus potentially reduces the reaction order (see below)y e hends and is suggestive of a lower activation energy
Nevertheless, in contrast to the findings of Adachi andy; higher temperatures. This behavior is consistent with that
Asakura (1979), we observe thafc the reaction order is indegs deoxyHb S and suggests that the activation energy is
pendent of phosphate concentration, and the apparent dep§Bmperature dependent, reflecting the increased propensity
dence results from the increased nonideality of the solutionsg, polymerization at higher temperature (Hofrichter et al.,
1974; Adachi and Asakura, 1979). The decreased value for
the activation energy observed for FmetHb S relative to
deoxyHb S possibly results from the presence of stabilized
aggregates (vide infra).

1.0 . : r .

A700

16 14 12 10 -08 06 -0.4
log (y{HbS] (g/mL))

0.0 - : . '
0

10 20 30 40 50

FIGURE 5 The dependence of the delay time on FmetHb S activity. Time (min)

Delay times were monitored at five different phosphate concentrations:

0.15 »), 0.25 @), 0.5 ©), 0.75 (J), and 1.0 ¢+) M phosphate. The log

of reciprocal delay time versus log Hb S activity yields a linear relationshipFIGURE 6 Temperature dependence of FmetHb S polymerization. Sam-
with the slope if) as indicated. Delay times are taken from data shown inple turbidity was monitored at five different temperatures: 15°C, 20°C,
Fig. 3. 25°C, 30°C, 35°C. Sample conditions are the same as in Fig. 2.
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; . ; : . . DISCUSSION

We have investigated the mechanics and kinetics of poly-
mer formation of FmetHb S to understand the effect of
ligands on the polymerization process and to probe its
suitability as a model system for studying Hb S polymer-
ization. We have observed that the polymerization proper-

In (1, min™)
o

20t ties of this modified Hb S are comparable to those of
deoxyHb S, specifically with respect to phosphate concen-
25¢ tration, temperature, and Hb S concentration. This observa-
3 . . . . . . tion suggests that the quaternary state and not the liganded
'3_15 320 325 330 335 340 345 350 state dominates the polymerization process. FmetHb S is

T x 10° (K") eight times more soluble than deoxyHb S, and we suggest

that this increased solubility results from the tetraliganded

FIGURE 7 The dependence of the delay time on temperature. Delaylature of the derivative. We note that the overall size of the
times were monitored at six different temperatures: 15°C, 20°C, 25°Cfibers, as determined by electron microscopy, is comparable
30°C, 35°C, 40°C. Delay times are taken from data shown in Fig. 6. Fromqg that of deoxyHb S fibers. The present studies do not
the slope the activation energy was determined to be-IBkcal/mol. specifically examine the structure of the FmetHb S fibers
but record the overall dimension as a function of time. The

Temperature-dependent reversibility of association pattern of the individual strands and the actual
FmetHb S polymerization structure of the fibers formed by FmetHb S require more

Deaggregation of deoxy Hb S fibers can be accomplished€t@iled electron microscopy studies. _
by oxygenation, dilution, or a reduction in temperature. In Polymerization of FmetHb S is well described by the
the case of FmetHb S deaggregation is performed either b90uble nucleation mechanism. This mechanism, originally
dilution or by removal of IHP. We have observed that Proposed by Ferrone et al. (1985b) for deoxyHb S, accounts
extensive dialysis to remove IHP leads to a melting of thefor the autocatalytic nature of the kinetic progress curves.
fibers, and the resultant solutions can be induced to fornf0lymerization is described by a two-step process, in which
fibers with comparable delay times by the reintroduction offormation of the critical nucleus is the rate-limiting step,
IHP (data not shown). Thus, under these conditions, th&esulting in the initial delay time portion of the curve when
polymerization of FmetHb S is fully reversible. polymerization is not detectable. Heterogeneous nucleation
We have monitored the reaggregation of FmetHb S fiber§ccurs in the second phase, in which the surfaces of preex-
after cooling the sample to induce deaggregation (Fig. 8). Isting polymers become nucleation sites. As the polymers
deoxyHb S the reaggregation delay time strongly depend#icrease in size, the surface area for heterogeneous nucle-
on the time between deaggregation and reaggregation, f@tion increases, leading to the exponential growth of fibers
which an interval of 120 min was required before theOnce polymerization begins to occur (Eaton and Hofrichter,
original delay time was observed (Adachi and Asakura1990).
1979). For FmetHb S, however, even after 120 min of Linearization of the rate equations describing the double
cooling, a delay time is not observed (Fig. 8), which isnucleation model leads to the following relatively simple
indicative that FmetHb S polymerization, reversible by di-relation: A700¢) = A700, + [A(A70Q,,, — A70Q)] -
lution and removal of IHP, is not fully reversible by tem- [cosh@t) — 1] (Ferrone et al., 1985a). Analysis of the initial
perature. This absence of a delay time in reaggregation caH0% of our progress curves, using the above expression,
be explained by the presence of stabilized aggregates thgields excellent fits, verifying that this model adequately
facilitate formation of the critical nucleus needed for heter-describes the data (fits not shown). Because of the limited
ogeneous nucleation. The presence of aggregates in g@ncentration range of our experiments, however, the ex-
melted polymer solution was recently confirmed by UV perimentally determinedd and B parameters (Table 1)
Raman measurements (L. Sokolov, personal communicaould not be used to determine the kinetic and thermody-
tion). As this stabilization occurs only when IHP is not namic parameters needed to calculate nucleus size. There-
removed from the solution, we further suggest that theore, the sizes of the homogeneous and heterogeneous nu-
allosteric effector IHP and not FmetHb S is responsible forclei were calculated using the experimentally determined
the stabilized aggregates. Other allosteric effectors, such asipersaturation raticS(= c,/c,, wherec is solution con-
bezafibrate and clofibric acid, also stabilize the T-state andentration at equilibrium) for FmetHb S and the kinetic and
enhance the sickling of red blood cells (Mehanna and Abrathermodynamic parameters determined by Ferrone et al.
ham, 1990). We propose that this enhanced sickling coul§1985b) for deoxyHb S. The calculated nucleation sizes
result from the stabilization of aggregates as observed witl{Table 1) are comparable in magnitude to those determined
IHP. for deoxyHb S (Ferrone et al., 1985b). Given the differences
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in sample concentration and the relatively high concentra-
tion of phosphate used in our study, a direct comparison is
not appropriate. Of significance, however, is the depen- 055 - -
dence of the nucleus size on concentration, which is pre-

0.60 r r

dicted from the double nucleation model. As expected, the 050t i i
sizes of the heterogeneous and homogeneous nuclei (Table .| \ i
1) decrease with increasing protein concentration. These g 13%
results suggest that the mechanism of FmetHb S polymer- < 0.40 - - 120

ization is similar to that of deoxyHb S, and, consequently,
results obtained with FmetHb S polymers may be used to
understand the polymerization of deoxyHb S. 0.30 L
Our studies of FmetHb S have further revealed an inter-
esting role for phosphate in the polymerization process. 0.25
Similar to previously reported results, we observe that phos-
phate facilitates polymerization and cannot be functionally
replacgd with other salts (Ross and Subramanian, 197%IGURE 8 The aggregation, deaggregation, and reaggregation of 0.9
Adachi and Asakura, 1979; Fasanmade, 1996). We findmm fluoromet Hb S in 0.75 M phosphate (pH 6.5), 0.44 M NaF, 0.14 M
however, that the reaction order or the dependence of theiP. Raising the temperature of the sample holder from 10°C to 30°C
polymerization rate on protein concentration is independenitduced aggregation and reaggregation, and deaggregation was induced by
of phosphate concentration, if protein activity and not Con_cooling from 30°C to 10°C. Sample turbidity was monitored at 700 nm.
centration is considered. Although similar to the value de-
termined by Behe and Englander (1978) for deoxyHb S, the
reaction order obtained for FmetHb S is smaller. We at-ang cannot address the matter of which site is responsible
tribute the reduced reaction order and potentially smallefg, the increased stabilization.
nucleus size for FmetHb S to the increased stabilization of Tg study the mechanism of FmetHb S polymerization we
the nucleus by the organic phosphate effector IHP. Currenfaye monitored the effects of temperature, phosphate con-
understanding of the nucleation process would suggest th@entration, and Hb S concentration on the delay time. Based
in the first stages of the process sequential addition ofjnon these data we conclude that many aspects of the
monomers is thermodynamically unfavorable. This procesgolymerization of FmetHb S are analogous to aspects of the
becomes more favorable, however, as the stabilization dugolymerization of deoxyHb S, and therefore, FmetHb S can
to intermolecular bond formation becomes greater than thge ysed to study the polymerization process. Furthermore,
entropy loss associated with the reduction in motional freethe stapilization of FmetHb S aggregates by IHP potentially
dom (Eaton and Hofrichter, 1990). provides a unique avenue for studying early events in the
The temperature-dependent deaggregation and reaggfgolymerization process and identifying factors that control

gation kinetics (Fig. 8) in the presence of IHP are suggestivene length of the delay time, a critical component in the
of the increased stabilization of fibers and gelation aggrepathology of sickle cell disease.

gates, which leads to the absence of a delay time in the

reaggregation process. This process is IHP dependent, as the

reaction is fully reversible by dilution or dialysis. These We thank Dr. Kenneth Bridges at Brigham and Women’s Hospital for
results suggest that the presence of IHP facilitates aggreg&4PP!ying SS blood samples. We gratefully acknowledge Jeff Gilarde for
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IHP reduces the free energy barrier to nucleus formation b¥his work was supported by a grant-in-aid from the American Heart
stabilizing the formation of intermolecular bonds. The .= TF ¥ 2 96p0p15120).y g

smaller activation energy (18 kcal/mol) observed for

FmetHb S is consistent with a model in which bound IHP
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